Representatives of only four well-characterized bacterial phyla were isolated from a pasture soil by using liquid serial dilution culture. In contrast, members of Acidobacteria, Verrucomicrobia, and Gemmatimonadetes and of other poorly represented bacterial lineages were isolated in earlier experiments with solidified versions of the same media. We conclude that, contrary to expectation, liquid serial dilution culture is inferior to culturing on solid media for isolating representatives of many bacterial phyla from soil.
Conn's description (12) of the inability of microbiologists to culture most soil microorganisms seems as relevant today as when it was published in 1918. The number of culturable cells in soil is often only about 1% of the total number of cells present. What has become apparent more recently is that this discrepancy is not just quantitative but also qualitative. Based on rRNA and rRNA gene abundance, groups of bacteria that are poorly represented by cultured representatives make up numerically significant populations within soil microbial communities (8, 20, 22, 24, 26) . Serial liquid dilution culture has been used successfully to improve culturability (6, 9, 10) and facilitate the isolation of molecularly detected bacteria and archaea from freshwater, marine, and anoxic soil systems (11, 14, 25) . We postulated that liquid serial dilution should also allow us to isolate representatives of poorly studied groups of bacteria from a nonsaturated soil.
Nine soil cores (25 mm in diameter, 100 mm long) were collected from one sample site at the Dairy Research Institute, Ellinbank, Victoria, Australia (18, 19, 28, 29) in May 1997 (one core), March and April 1998 (1 core each), and April, May, June, and July 1999 (two, one, one, and three cores, respectively). Cores were used individually, and only the lower 70 mm of each was used. Cultivation experiments, preparations for total cell counts, and dry-weight determinations were initiated within 3 h of collection as described elsewhere (18) . Total counts of bacteria in the nine soil cores, determined after staining with DAPI (4Ј,6Ј-diamidino-2-phenylindole) and counted by fluorescence microscopy on three to five subsamples each (18) , were between 1.2 ϫ 10 9 (standard deviation [SD] ϭ 9 ϫ 10 7 ) and 1.6 ϫ 10 9 (SD ϭ 5 ϫ 10 7 ) cells per g of dry soil. The mean count for the nine cores was 1.4 ϫ 10 9 cells per g of dry soil (SD ϭ 1.4 ϫ 10 8 ). There was therefore little variation in the total cell counts in soil samples collected at different times and in different years from the same sample site. Our results are generally reported in terms of culturability, which is the most probable number (MPN) of culturable cells expressed as a percentage of the microscopically determined cell count for the sample used for that particular experiment. Accurately weighed samples of about 1 g of freshly sieved soil were added to 100-ml aliquots of sterile distilled water in 150-ml conical flasks and dispersed by stirring with Teflon-coated magnetic bars (8 mm diameter, 50 mm long) for 15 min at approximately 200 rpm. Three-tube MPN counting experiments (18) were prepared from these suspensions and incubated at 25°C in the dark. Growth in liquid cultures was scored as positive if visible turbidity developed. This was confirmed by microscopic examination of a sample of the culture. The MPN was calculated from the dry weight of soil, the dilution factor, and tables for three parallel dilution series (5 HPO 4 , 1 ml of selenite-tungstate solution, and 1 ml of trace element solution SL-10 per liter, and the pH was adjusted to 7.0 with a mixture of 200 mM NaOH plus 100 mM KOH. Media VL55 and VL70 were sterilized by autoclaving, and then the appropriate growth substrate was added from concentrated stocks that had been sterilized by autoclaving, in the case of polymers, or by passing them through Minisart sterile filters (Sartorius AG, Göttingen, Germany) with a pore size of 0.22 m. The growth substrates and their final concentrations were 0.025% (wt/vol) arabic gum; 0.025% (wt/ vol) cellulose powder; 0.025% (wt/vol) chitin; 0.025% (wt/vol) ghatti gum; 0.025% (wt/vol) karaya gum; 0.025% (wt/vol) pec-tin; 0.025% (wt/vol) sodium alginate; 0.025% (wt/vol) soluble starch; 0.025% (wt/vol) xanthan; 0.025% (wt/vol) xylan; 2 mM glucose; 2 mM methanol; 2 mM sodium acetate; 2 mM sodium benzoate; a mixture of 0.25 mM glucose, 0.5 mM glycine, 0.5 mM sodium acetate, 0.5 mM sodium glutamate, 0.5 mM sodium glycolate, and 0.5 mM sodium L-lactate; and an amino acid mixture (15) with the addition of 0.08 g of L-tryptophan per 100 ml of stock solution and added at 5 ml of stock solution per liter of medium. One milliliter of vitamin solution 1 (17) and 3 ml of vitamin solution 2 (17) were then added per liter of completed media VL55 and VL70.
Thirteen of the 94 counting experiments, i.e., 14%, yielded counts that exceeded 10% of the total cell count, and 55 of the 94 counting experiments (59%) resulted in MPNs that exceeded 1% of the total cell count (Fig. 1 ). MPNs were variable, even when the same medium was used. For example, culturability varied over a 100-fold range with DNB (Fig. 1) . The range of culturability on the different media was comparable to the plate counts obtained in earlier studies (18, 28) , in which samples were also incubated for 12 weeks, using solid versions of the media used in this study. The highest count, obtained in two of the experiments, was 5.2 ϫ 10 8 culturable units per g of dry soil, which corresponds to a culturability of 34%. DNB yielded significantly lower culturabilities (P ϭ 2 ϫ 10 Ϫ5 to 5 ϫ 10 Ϫ4 in two-tailed Student's t test) than the other media grouped by pH and substrate class (polymers or monomers) (Fig. 1) . Sugar polymers as growth substrates yielded significantly higher culturabilities than did different monomers or mixes of monomers (P ϭ 3 ϫ 10 Ϫ3 ). It is possible that the transfer of bacteria from the low-nutrient soil environment to high-nutrient laboratory media results in substrate-accelerated death (23, 30) , especially when monomers are used as growth substrates. Initially, there are only very low concentrations of available substrates in the media with polymers, and regulatory changes in metabolism can occur as the available substrate concentration increases when the polymers are gradually hydrolyzed by growing bacteria. Similar increases in MPN using polymeric sugar growth substrates instead of readily utilizable simpler sugars have been noted earlier (11) .
Medium VL55, with a pH of 5.5, which is similar to that of soil (pH 5.3 to 5.5) (29), yielded higher average culturabilities (P ϭ 0.13) (Fig. 1) than medium VL70, which had a pH of 7.0. We repeated this experiment using the five growth substrates that resulted in high MPNs (alginate, arabic gum, pectin, xanthan, xylan; three counting experiments with each substrate at each of the two pHs). Again, media with a pH of 5.5 resulted in higher average culturabilities (P ϭ 0.06) than media with a pH of 7.0.
Eighty-nine isolates were cultured from the terminal growthpositive tubes of serial liquid dilution cultures by streaking the material taken up in an inoculating loop onto the surface of an agar-solidified plate of the same medium as that used for that MPN experiment. Solid media were prepared as described elsewhere (18, 19) , so that the final substrate concentration was twice that of the corresponding liquid medium. After incubation at 25°C, visibly different colonies were selected, restreaked, and subcultured until microscopically pure cultures were obtained. These isolates originated from the samples collected in May 1997, April 1998, and April 1999. Cultures could not be obtained on subculturing from all of the turbid growth-positive terminal tubes, even though microscopy revealed that microbial cells were present in the original liquid cultures. In other cases, more than one colony type developed on the plates inoculated with material from a single terminal tube, and so multiple isolates were obtained. The greatest number of isolates from any one of the replicates was four, and these belonged to four different families (data not shown). The isolates were identified by comparative analysis of near-complete 16S rRNA genes, determined as described elsewhere (28) (GenBank accession no. AF408943 to AF409031), initially on the basis of BLAST comparisons (2) . Sequences that could not be clearly assigned to a family-level group (i.e., Ͻ97% identical to full-length 16S rRNA gene sequences with unambiguous family assignments) were analyzed more rigorously (28) . Family-level assignments were based on monophyly of the isolate sequences with existing families, orders, classes, and phyla. If the sequences were not reproducibly affiliated with recognized families (13) within a higher-level grouping, novel families were proposed as the most conservative estimate of a novel group with a higher-level ranking than species and genus.
Many of the isolates obtained from the terminal positive cultures of the serial liquid dilution experiments were members of genera that are typically thought of as soil-inhabiting groups (1, 3) . Members of the phylum Actinobacteria accounted for 53 of the 89 isolates (60%), and all were members of the well-characterized subclass Actinobacteridae. These could be assigned to 17 different families within the suborders Micrococcineae (28 isolates), Corynebacterineae (10 isolates), Propioni- Eleven of these 19 isolates were members of the genus Bradyrhizobium or closely related genera in the family "Bradyrhizobiaceae." Another 11 of the 89 isolates (12%) were members of the class Betaproteobacteria, and these belonged to just two genera, with 10 of the 11 being members of the genus Burkholderia. The remaining six of the 89 isolates (7%) were members of the class Gammaproteobacteria (3 isolates), of the class Sphingobacteria in the phylum Bacteroidetes (2 isolates), and of the class "Bacilli" of the phylum Firmicutes (1 isolate). Two members of the class Gammaproteobacteria belong to one asyet-unnamed family.
Simpson's and Shannon's indices (4) of family-level diversity, and the number of families relative to collection size, were similar for the collection of isolates obtained in this study and in three comparable studies conducted on soil from the Ellinbank sample site (18, 19, 28) using solid media (Table 1) . Therefore, we conclude that the present collection of isolates is no less diverse at the family level than the three collections obtained with solid media. However, at the phylum (division) level, the collection of isolates obtained from serial liquid dilution was not as representative of soil bacterial diversity as the collections obtained on solid media. All liquid culture isolates belong to only four phyla, the Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (subclass Actinobacteridae). In contrast, the three solid-medium cultivation studies resulted in the isolation of members of five additional bacterial phyla and of basal lineages in the Actinobacteria with few cultivated representatives: Acidobacteria, Verrucomicrobia, Planctomycetes, Gemmatimonadetes, "Deinococcus-Thermus," and the subclasses Acidimicrobidae and Rubrobacteridae of the Actinobacteria (16 to 17% of isolates) ( Table 1) . Culture-independent studies suggest that these additional rarely isolated lineages are not trivial components of the soil microbiota. The Acidobacteria, Verrucomicrobia, Gemmatimonadetes, Acidimicrobidae, and Rubrobacteridae are common and abundant in geographically diverse soils (8, 16, 20, 22, 24) , including the Ellinbank site (L. Schoenborn and P. H. Janssen, unpublished data).
We conclude that solid media are more useful for isolating soil bacteria belonging to little-studied phyla than are liquid media. There are a number of possible explanations for this unanticipated finding. Members of poorly represented groups simply may not grow in liquid culture, although this is unlikely since representatives of the Acidobacteria, Verrucomicrobia, Rubrobacteridae, and Acidimicrobidae, originally isolated on solid media (18, 19, 28) , have been successfully grown in liquid media (X. Chen, M. Sait, P. Sangwan, S. J. Joseph, and P. H. Janssen, unpublished data). The spatial separation of bacteria on solid media (overcoming negative interactions such as lysis by coinoculated bacteriophage or antibiotic production) may have a greater overall influence on culturability of poorly studied groups than the provision for possible positive interactions in liquid culture, such as signals to initiate growth (21) . Members of the rarely cultured groups may not grow rapidly enough to establish themselves in the liquid cultures to ensure their subsequent isolation. Based on calculations described by Button et al. (10) and Roussanov et al. (27) , analysis of our MPN data (not shown) suggests that the majority (71%) of cultures originated from liquid cultures inoculated with multiple viable cells. If these cells represent more than one species, then only the fastest-growing species will be isolated. This selection on the basis of growth rate will not be so apparent where spatially separated cells can independently develop into detectable cultures, such as on solid media (18, 19, 28) or by using gel encapsulation (33) or automated cell separation (7, 10) .
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